When auxin was omitted during either the preparation or the culture of tobacco mesophyll protoplasts, as well as during both periods, synthesis of ,B-glucanase was spontaneously induced. In contrast, when protoplasts were prepared and cultured in the presence of 16 micromolar 1-naphthaleneacetic acid (optimal concentration for protoplast division), the expression of ,B-glucanase was maintained close to the minimal level observed in tobacco leaves. This inhibitory effect was only promoted by active auxins (1 -naphthaleneacetic acid, 2,4-dichlorophenoxyacetic acid, 2,4,5-trichlorophenoxyacetic acid, and 3-indoleacetic acid) but not by inactive auxin analogs. Tobacco protoplasts responded to exogenous elicitors from the cell wall of Phytophthora megasperma glycinea (Pmg) by accumulating 0-glucanase in the presence of 16 micromolar 1-naphthaleneacetic acid. At higher auxin concentrations, the elicitor-induced ,B-glucanase synthesis was inhibited. Naphthaleneacetic acid concentration (3 x 10-5 molar) required to inhibit by 50% the expression of this defense reaction triggered by a near-optimal elicitor concentration was about 100 times higher than that sufficient to inhibit by 50% the spontaneous expression in nonelicited protoplasts. This is the first demonstration of an auxin-fungal elicitor interaction in the control of a defined defense reaction. The above observations were extended to soybean cell protoplasts. The Pmg elicitor-induced stimulation of the synthesis of pathogenesis related P17 polypeptides and of a 39-kilodalton peptide immunologically related to tobacco ,Bglucanase was only observed when the spontaneous accumulation of these proteins was inhibited in auxin-treated protoplasts.
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Plant protoplasts from various species often express spontaneous defense reactions which are usually displayed by plants in response to pathogen injury, such as the synthesis of phytoalexins (27) and hydroxyproline-rich glycoproteins (12) or the production of activated oxygen species (16) . However, only a few studies have evaluated the induction of defense reactions in protoplasts challenged by exogenous elicitors from microbial origin.
Preparation of protoplasts from in vitro-cultured soybean cells and their subsequent culture resulted in the activation of the synthesis of isoflavonoid phytoalexins (27) . In those pro- ' This work was supported by the French Centre National de la Recherche Scientifique (UPR 0279 and UPR 0040).
toplasts, fungal elicitors from Phytophthora megasperma hyphal walls were ineffective in promoting further stimulation of the synthesis of these compounds, whereas they were active on control soybean cells. In contrast, parsley protoplasts were not spontaneously elicited during preparation or subculture, and they retained the responsiveness to UV light and fungal elicitors endowed by the cultured cells from which they were prepared (7, 30) .
Compared to the well described stimulation of defense responses in tobacco plants (17, 21, 35) or cell cultures (6) , the induction of such responses in tobacco protoplasts has received little attention. With regard to the spontaneous expression of defense reactions, Meyer et al. (25, 26) have shown that several proteins accumulate during the subculture of tobacco mesophyll protoplasts. Recently, some of these proteins have been identified as /-1,3-glucanases and chitinases (15) , which belong to the set of tobacco PR2 proteins ( 17, 21) . Of interest were the observations that the expression of these proteins was under a negative control by auxin ( 15, 25, 26) in tobacco protoplasts and under both auxin and cytokinin controls (13, 28, 33) in tobacco tissue cultures. In soybean cell cultures, we also provided evidence that auxin could interfere negatively with the expression of defense reactions (22, 24) .
Based on the observations that plant growth regulators, especially auxin, can influence the expression of PR proteins, we hypothesized that this hormone might be a parameter for the control of protoplast responsiveness to elicitors.
In the present work, we confirm that auxins counteract the spontaneous induction of defense reactions in tobacco mesophyll protoplasts and demonstrate that these protoplasts, in the presence of NAA, retain the capability to be elicited by exogenous elicitors. We also provide evidence that NAA interferes with the inducing effect of fungal elicitors. These observations have been extended to soybean cell protoplasts. 
Immunodetection and Quantification of PR Proteins
Purified 3-1,3-glucanase from tobacco cells and the derived rabbit antiserum were obtained from J. J. Leguay (Sanofi-ELF-BioRecherches, Toulouse, France). The preparation of an antiserum directed against the soybean P17 PR protein was previously described (24) .
For Western blot analyses, proteins were electrotransferred from acrylamide gels onto Immobilon nylon membranes (Millipore, France) with a Bio-Rad Trans-Blot cell for 3 h at 8.5 V/cm. Additional protein binding sites were then saturated during 1 h in 5% (w/v) defatted milk in PBS (120 mM NaCl, 2.7 mM KCI, 10 mM PO4HNa2/PO4H2Na [pH 7.4]) at room temperature. The reactions with ,B-1,3-glucanase and P17 antisera in PBST (PBS supplemented with 0.05% [v/v] Tween 20) were conducted overnight at room temperature, and unbound antisera were eliminated by three washings (15 min each) in PBST. Blots were then incubated for 2 h in the presence of peroxidase-conjugated goat anti-rabbit IgGs (BioRad) in PBST and washed twice with PBST and twice with PBS (10 min each). Fixed enzyme-conjugated IgGs were detected with Bio-Rad specific reagents.
To quantify the induction of PR proteins, immunostained blots were photographed, and transparent positives were scanned for absorbance. To allow the comparison of different immunoblots, internal standards were loaded on each SDS-PAGE gel. The internal standards were a duplicate sample of a protein extract containing the antigen of interest and the purified antigen at two different concentrations. Antigen amounts are expressed as the integrated areas (in arbitrary units, A.U.) of immunoreactive bands normalized by reference to the integrated areas of internal standard spots. absence of auxin. Western blots of electrophoretically separated proteins from these protoplasts were probed with a polyclonal antiserum directed against the major 33 kD A-1,3-glucanase purified from tobacco tissue cultures (JJ Leguay, personal communication). Figure 1 shows that the low expression of immunoreactive 3-glucanase, which was similar in freshly prepared protoplasts to that observed in tobacco leaves, was drastically increased during protoplast culture. In conditions of auxin deprivation, tobacco protoplasts thus spontaneously accumulated the 3-glucanase PR protein.
RESULTS

Expression
Even in samples with maximum 3-glucanase accumulation, only one 33-kD immunoreactive spot was detected by the antiserum. However, when the levels of accumulation were low, this band appeared to be composed of two very light bands which were not well descriminated by the PAGEminigel system. In the present work, "f-glucanase" refers to the sum of these two isoforms.
Interference of NAA with the Spontaneous Accumulation of iB-1,3-Glucanase in Tobacco Protoplasts To estimate whether auxin could interfere with the spontaneous induction of f-glucanase, the time course accumulation of this protein was quantified in experimental conditions which differed by the sequence of treatments of protoplasts with NAA. The striking observation was that, in protoplasts prepared and cultured in the presence of 16 itM NAA, the expression of 3-glucanase was maintained at a low level similar to the reference level expressed by protoplasts freshly prepared from young tobacco leaves ( Fig. 2A, curve 1 of f-glucanase ( Fig. 2A, To determine whether the inhibition of f-glucanase expression was actually related to the auxin activity of NAA, different auxins or analogs were tested for their efficiency as inhibitors of,-glucanase synthesis. Protoplasts prepared in standard conditions with 16 lM NAA were washed free of auxin and then cultured in T°°auxin-free medium or in this basal medium supplemented with a range of concentrations of the different auxins and analogs with NAA as a reference.
For the active compounds, the concentration-dependent inhibition of f-glucanase accumulation from the maximum level observed in the absence of auxin to a minimal basal level was described by typical sigmoidal curves in a range of concentrations of 2 to 3 orders of magnitude (Fig. 3A) . Their relative efficiencies estimated from the IC50 were NAA > 2,4,5-T = 2,4-D > IAA. The NAA analog, 2-NAA, was about 20 times less active than NAA (Fig. 3B) , and 4bPAA was a NAA. Curve 1, protoplasts treated with Pmg elicitor at 80 ,g glucose equivalents/mL suspension, 3 h after the beginning of the culture period (arrow); curve 2, control protoplasts which were not treated with the elicitor (same values as in Fig. 2A-1) . B, Protoplast preparation with NAA, washings, and culture without auxin. Curve 1, elicitortreated protoplasts; curve 2, control protoplasts (values from Fig. 2A-2) . Diagrams of the sequence of protoplast treatments, see Figure 2 ; dark gray areas, elicitor treatment. Quantification of 3-glucanase amounts in 10 ,g of total proteins as described for Figure 2 .
strong inhibitor only at 10 ' M. The analogs 2,4,6-T and pCIB were inactive at all concentrations tested (Fig. 3B) as was benzoic acid (not shown).
The inactive analogs were also tested for their ability to compete with NAA. None of 4bPAA, 2,4,6-T, or pCIB at 10' M interfered with the effect of 5 x 10' M NAA, which induced about 80% ofthe maximum inhibition of 3-glucanase expression (data not shown).
Response of Tobacco Protoplasts to Pmg Elicitor
The Fig. 5 ).
In protoplasts grown in the absence ofauxin, the treatments with the Pmg elicitor (Fig. 6 , B and C) did not significantly 3 Figure 5 . Pmg elicitor concentration dependency of ?-glucanase accumulation in tobacco protoplasts. Protoplasts were prepared and further grown with 16 pM NAA. After a 3 h culture period, they were supplemented with Pmg elicitor at the indicated concentrations. Amounts of g?-glucanase in 10 ,g total proteins were quantified 27 h after elicitation as described for Figure 2. uously in the presence of 16 Mm NAA very strongly stimulated the accumulation of 3-glucanase (Fig. 4A, curve 1 ) compared to the nonelicited control protoplasts (Fig. 4A, curve 2) . The accumulation starting 10 to 12 h after the elicitor treatment was maintained at a rather constant rate for about 30 h. Forty hours after elicitation, the level of f-glucanase was about 12 times higher than the reference level in untreated protoplasts.
For comparison, the same elicitor treatment was applied to protoplasts already induced to express ,-glucanase after they had been prepared with auxin but further grown in the absence of the hormone (see Fig. 2A, curve 2) . During the first 10 to 12 h, no difference could be observed in the rate of accumulation of f-glucanase by control or Pmg elicitortreated protoplasts. Thereafter, the expression of p-glucanase in Pmg elicitor-treated protoplasts (Fig. 4B, curve 1) was stimulated by only about 1.3 times over the level of expression in control protoplasts (Fig. 4B, curve 2 ). The spontaneous (Fig. 4B, curve 2) and induced (Fig. 4A, curve 1 ) accumulations of f-glucanase were thus not additive. The cumulative level of accumulation did not exceed that observed in protoplasts maintained continuously in the absence of auxin (see Fig. 2B , curve 1), suggesting that a maximum rate of fglucanase synthesis was achieved in these two different experimental situations.
The above series of results demonstrated that tobacco protoplasts could accumulate ,3-glucanase in response to exogenous elicitors when the spontaneous expression of this PR protein was inhibited by auxin. In these conditions, the stimulation of 3-glucanase synthesis responded in a classical concentration-dependent manner to the fungal elicitor preparation. As shown in Figure 5 , Pmg elicitor was most active, on the basis of glucan content, at about 70 Mg glucose equivalents/mL of protoplast suspension, and activity was progressively depressed at higher concentrations. Time after protoplast isolation (hours) antisera. Quantifications of P17 and 39 kD peptide amounts were performed as described for tobacco f-glucanase. Samples (C) refer to the amounts of P17 and 39 kD peptide in dividing soybean cells used to prepare protoplasts.
increase the synthesis of f-glucanase over the level observed in nonstimulated protoplasts (Fig. 6A) . As shown in Figure 3 and Figure 6A , the accumulation ofp-glucanase in nonelicited control protoplasts was NAA concentration-dependent with an IC50 of about 3 x l0-7 M (varying from 1.6 to 4 x l0-' M in three independent experiments). Figure 6 shows that the curves of NAA concentration-dependent inhibition of f-glucanase synthesis were shifted toward higher auxin concentrations as a function ofthe amount ofelicitor added. At limiting (Fig. 6B ) and near-optimal (Fig. 6C) The capacity of auxins to interfere with the expression of PR proteins was evaluated in soybean cell protoplasts. These protoplasts were chosen because they had been previously reported (27) to lose the ability to react to Pmg elicitors that was initially observed in cells from which they were prepared. Soybean cells which respond positively to Pmg elicitor by the induction of a series of PR proteins (22, 24) were used as starting material for protoplast preparation. The auxin 2,4-D was omitted from or added at 4 AM concentration (as used for cell growth induction) to digestion and protoplast culture media.
In soybean, we had previously shown (22, 24) that the infection of seedlings by Pmg or the elicitation of cultured cells by Pmg wall extracts stimulated the synthesis of a 17 kD polypeptide family (P17). Although the role of P17 polypeptides in the defense strategy of soybean was not determined, these polypeptides exhibited obvious properties of PR proteins. Therefore, they were used to probe the induction of defense responses in protoplasts. As shown in Figure 7A , 2,4-D significantly reduced the spontaneous accumulation of P17 peptides compared to culture conditions in the absence of auxin. The Pmg elicitor treatment promoted a 100% increase of P17 accumulation in protoplasts grown in 2,4-D-supplemented medium but failed to stimulate the synthesis of this peptide over the level already induced by auxin depletion of protoplasts.
In soybean cotyledons, the major f-glucanase isoform is a protein of about 33 kD (19, 34) , but several minor isoforms of the enzyme have also been reported to be present in soybean (19) . The heterologous antitobacco f3-glucanase serum immunodetected a single polypeptide of about 39 kD in soybean cell protoplast proteins (not shown). Assuming that this P39 peptide might represent a minor isoform of soybean ,B-glucanase, its expression was also measured in soybean protoplasts. Interestingly, the kinetics of accumulation of the P39 peptide were as described for P17 synthesis. A Pmg elicitor-induced stimulation of the synthesis of P39 peptide was only observed for auxin-treated protoplasts, whereas no additional accumulation of this peptide was achieved by elicitor treatment of auxin-depleted protoplasts (Fig. 7B) . In soybean as in tobacco protoplasts, auxin thus effectively controls both the spontaneous and the elicitorinduced expressions of PR proteins.
DISCUSSION
In the present work, we first intended to evaluate the interference of auxin with the spontaneous expression of defense reactions in tobacco and soybean protoplasts. The spontaneous expression of defense-like reactions in protoplasts is likely to be induced during the preparation process by the effects of several factors, such as osmoticum (27) and/ or the potential endogenous elicitors released during preparation (8) (9) (10) 29) . In classical procedures of protoplast preparation, the media used for cell wall digestion are generally free of growth regulators, which are added only during the period of protoplast culture (7, 12, 15, 16, 25, 27, 30 (30) .
To explain their observation of a lack of reactivity of soybean protoplasts to fungal elicitors, Mieth et al. (27) proposed that either some component(s) of the signaling chain reaction had been lost or inactivated during protoplast preparation or that the metabolic response systems were already saturated and hence unresponsive to the superimposed treatment with the elicitor. The second situation is likely to prevail, since we show here that tobacco and soybean protoplasts retain the capability to perceive the elicitor signal and to express characteristic PR proteins when the response systems are not already induced by auxin depletion. In this respect, the effects of Pmg elicitor treatment and auxin deprivation on their own were not additive when protoplasts were challenged simultaneously with both inductive treatments. This suggests that the accumulations of f3-glucanase and P17 PR protein are saturable responses.
Of importance was our observation that auxin effectively controls, in a concentration-dependent manner, the elicitorinduced ,B-glucanase synthesis in tobacco protoplasts. The shifts in active ranges of auxin concentrations and the complete or near-complete inhibition of fl-glucanase synthesis at 10' M NAA clearly show that the Pmg elicitor-triggered elicitation of f-glucanase is, as the spontaneous expression of this PR protein, subjected to a negative control by auxin. The NAA concentration required to inhibit by 50% the accumulation of 3-glucanase in protoplasts challenged with a near optimal elicitor dose, was about 100 times higher than that sufficient to decrease by 50% the spontaneous expression of this protein in nonelicited protoplasts. To our knowledge, these results provide the first demonstration of an auxin/ fungal elicitor interaction in the control of a cell defense reaction.
It may be questioned whether the auxin control of defense responses observed in plant protoplasts (15, and this work) or tissue cultures (13, 28, 33 ) is of physiological significance in intact plants. In tobacco, the amount of ,B-glucanase in leaves is known to increase from the top to the bottom of the plant ( 13) . The gradient of fl-glucanase expression is inversely correlated with a decreasing gradient of IAA concentration along the plant (31); young leaf tissues which do not express fglucanase have a higher IAA concentration, roughly estimated to 1 to 1.5 Mm. This estimated global tissue concentration is of the same order of magnitude than the exogenous IAA concentration leading to 50% inhibition of 3-glucanase synthesis in tobacco protoplasts (Fig. 3A) . At least in tobacco plants, the constitutive synthesis of f-glucanase could be dependent on endogenous auxin levels. Also relevant to the above question is the recent observation (32) that the injection of Agrobacterium tumefaciens bacteria into tobacco leaves inhibits the hypersensitive response induced by injection of the incompatible bacterial pathogen Pseudomonas syringae. The hypothesis that the production of auxin by these bacteria could be involved in the inhibition of the tobacco hypersensitive defense response is supported by the fact that only A. tulmefaciens strains bearing functional tms genes in the Ti plasmid are efficient inhibitors.
In conclusion, the present results demonstrated a specific negative interaction of auxin with the induction of defined defense reactions. In two independent systems, we took advantage of this interaction to counteract the spontaneous expression of PR proteins in plant protoplasts and thus to reveal their reactivity to fungal exogenous elicitors. This opens a way to use protoplasts to study elicitor effects. Besides this practical outcome, the demonstrated interaction ofauxin with the activity of exogenous elicitors also provides a way to intervene in the sequence of elicitor-controlled events that result in the activation of PR protein gene expression. Such an interactive auxin/elicitor system could provide an original tool to further investigate the mechanisms of elicitor action.
